Autographa californica nucleopolyhedrovirus (AcMNPV) lef-4 gene [ORF 90; Ayres et al. (1994) Virology 202, 586±605] is involved in both late and very late gene expression [Passarelli and Miller (1993) Virology 197, 704±714]. The transcriptional properties of this gene have been analyzed. It is transcribed as a single 1.6-kb mRNA and transcripts were first detected 3 h postinfection (pi). The extremities of the transcript have been mapped by primer extension and 3Ј RACE±PCR to positions Ϫ56 from the translation start codon and ϩ96 downstream of the stop codon. A rabbit polyclonal antiserum has been raised against an internal polypeptide of LEF-4. A 55-kDa protein was observed by Western blot analysis from 5 h pi. LEF-4 localizes preferentially in the nucleus of infected cells and is associated with the virogenic stroma.
INTRODUCTION
Nucleopolyhedroviruses are complex viruses presenting two distinct types of infectious particles, extracellular (or budded) virions and polyhedra occluded virions. Each type has a distinct role during infection of the host and is produced in the same cells in a sequential way.
The regulation of the virus cycle is achieved by a cascade of gene activations. Mechanisms controlling the sequential activation of viral genes are poorly understood. Viral promoters are classified by the time of their respective activation and by their requirements upon viral products as activators. Accordingly, viral promoters fall into four distinct classes, namely, immediate early, delayed early, late, and very late promoters (for review see Blissard and Rohrmann, 1990) . Immediate early promoters are able to drive transcription without previous expression of other viral genes (Guarino and Summers, 1986; Carson et al., 1988; Kovacs et al., 1991; Rice and Miller, 1986; Ross and Guarino, 1997) . Conversely, delayed early promoters need prior expression of viral factors for their activation. Late and very late genes are transcribed after replication of the virus genome. Those genes are mainly structural genes, necessary for the production of both types of viral particles (Blissard and Rohrmann, 1990; Rohrmann, 1992) .In recent years a general picture of the regulation of early gene expression has emerged, but the mechanisms controlling late gene expression remain unclear.
The use of transient expression systems combined with complementation analysis allowed us to demonstrate that a pool of 18 AcMNPV genes is necessary and sufficient to activate both late and very late gene expression in Sf-21 cells (Lu and Miller, 1995a; Todd et al., 1995) .
However, the results obtained in vivo do not always match those obtained by transient expression experiments. lef-2 (late expression factor 2), which was first described as a key factor in DNA replication during transient assays (Lu and Miller, 1995a; Kool et al., 1994) , appears to have an additional function regulating very late gene expression in vivo (Merrington et al., 1996) . Similarly, pk-1 is not necessary in transient expression experiments (Lu and Miller, 1995a) but is required in vivo for optimal very late gene expression (Fan et al., 1996) . Furthermore, the pool of genes necessary for an optimal transcription depends on the type of cells used in the assay. lef-7 is necessary in Sf-21 cell assays (Morris et al., 1994) , but is dispensable on TN-368 cells (Lu and Miller, 1995b; Chen and Thiem, 1997) . Hcf-1 (host cell factor 1) is required only in TN-368 cells and not in Sf-21 cells Miller, 1995b, 1996) .
Among lef genes, some are known to be involved in the replication of the viral DNA preceding the late gene expression (Lu and Miller, 1995a; Kool et al., 1994) , while the function of others remains unknown, although putative roles were proposed based on sequence homologies . To date, few of those lef gene products have been analyzed.
lef-4 (late expression factor 4) was first described by Passarelli and Miller (1993b) as a gene necessary for late and very late gene expression in a transient expression assay. This gene corresponds to the AcMNPV ORF 90 (Ayres et al., 1994) . A temperature-sensitive mutant that maps into this ORF has been obtained (ts 538, Partington et al., 1990; Carstens et al., 1994) . This mutant did not produce any virus particles at a nonpermissive temperature and very late gene expression was totally abolished. The authors concluded that lef-4 is an essen-tial gene directly involved in the transcription control of late gene expression.
In this report, we present the transcriptional analysis of the AcMNPV lef-4 gene. Moreover, we have raised an antibody against an internal LEF-4 peptide which allowed the analysis of the expression and the subcellular localization of LEF-4 protein.
RESULTS AND DISCUSSION

RT±PCR analysis and Northern blot of lef-4 transcripts
Temporal regulation of lef-4 transcripts was examined by RT±PCR using purified mRNA as a template. Two primers (lef-4 RT1 and lef-4 stop) internal to lef-4 (Figs. 1 and 2A) were used to amplify a 241-bp fragment. Consistently lef-4 gene sequences were amplified at 3 h pi with an increase at 5 h pi and remained detectable up to 49 h pi (Fig. 2B) . To obtain information about the number and the sizes of the lef-4 mRNAs, Northern blots were carried out at chosen times. A single transcript of 1.6 kb specific for AcMNPV lef-4 was detected at 3 h pi and remained detectable until 25 h pi, with a peak at 9 h pi (Fig. 2C) . After 9 h pi, a second transcript of 3.0 kb appeared and remained visible until the last time tested. The latter was not further analyzed and was interpreted as a runoff from another gene since no late transcription motifs are detected in the vicinity of lef-4 promoter and the estimated length of this long transcript overlaps ORF 87 (ORF 87 putative promoter locates around nt 74,300). Consequently, lef-4 can be considered an early gene.
Transcriptional mapping of the 5Ј and 3Ј ends of the transcript
The 5Ј end of the major transcript was determined by primer extension with total RNA, at various times postinfection. A single start point is detected at all times tested (Fig. 2D ). This point corresponds to nt 76,540 on the AcMNPV C6 sequence (Ayres et al., 1994) and is located 56 bp upstream of the lef-4 methionine start codon (Fig.  1 ). This result was expected due to the presence of the TCATT sequence that is consistent with the arthropod initiator cap site consensus, (A/C/T)CA(G/T)T, previously described by Cherbas and Cherbas (1993) . Although this sequence was not the most represented among the 112 promoters analyzed by those authors, it was present in 7% of them. Other baculoviruses early genes, such as LdMNPV early gene vPK (Bishoff and Slavicek, 1994) , LdMNPV early gene G22 (Bishoff and Slavicek, 1995) , or AcMNPV pnk/pnl gene (Durantel et al., unpublished results) have their transcription initiation site within a similar sequence (CTCATT). lef-4 transcript was detected when the cells were infected in the presence of aphidicolin or cycloheximide at 100 g/ml, a concentration at which protein synthesis is largely inhibited, thus confirming that no DNA replication or protein expression is needed for its activation.
At 12 h pi the amount of transcript was more important in the presence of cycloheximide (Fig. 2D) , suggesting that a downregulation due to an early viral protein synthesis may exist.
No TATA box is present in the vicinity of the transcription start point. A number of AcMNPV genes, such as lef-1 (Passarelli and Miller, 1993a) , lef-3 (Li et al., 1993), lef-6 (Passarelli and , cg30 (Thiem and Miller, 1989) , lef-2, and lef-5 (Ayres et al., 1994) , do not present a consensus TATA box. TATA-independent transcription has been analyzed in the gp64 efp promoter of OpMNPV. This activity requires two elements, a GATA and a CACGTG motif, as well as the initiator sequence CAGT and an undetermined element present in the 5Ј UTR (Kogan et al., 1995) . GATA motifs have been identified upstream of the AcMNPV early gene gp64 (Kogan and Blissard, 1994) , pe38 (Krappa et al., 1992) , and me53 (Knebel-Mo Èrsdorf et al., 1993) . It has been demonstrated that a cellular factor binds, in infected or uninfected cells, to the GATA motifs of the gp64 (Kogan and Blissard, 1994) and the pe38 (Krappa et al., 1992) promoters. For the pe38 gene, binding of the cellular factor disappears late in infection and mutation into GATA sequence does not affect the promoter activity, whereas for the gp64 gene, a mutation in the same motif decreases the reporter activity. Those results suggest that the requirement of the GATA motif for transcriptional regulation is a case by case phenomenon and depends on the promoter considered. We have thus searched for elements required for the TATA-independent transcription in lef-4 promoter. Two GATA motifs are found between positions Ϫ143 to Ϫ140 and Ϫ288 to Ϫ285 from the ATG, and two sequences related to the consensus CACGTG are present between Ϫ126 to Ϫ121 and Ϫ105 to Ϫ100. Those sequences have a single nucleotide difference when compared to that present on the gp64 promoter ( Fig. 1 ). In addition six (G/T)CGTC motifs with unknown function have been signaled in both distal and proximal promoters (Cartens et al., 1994) . The 3Ј end of the transcript was determined by sequencing the specific RACE±PCR fragment obtained after RT amplification of mRNA purified at 8 h pi with an oligo(dT) and a specific internal primer, lef-4 RT1 (Fig. 1) .
Four major bands were obtained (data not shown). To verify what fragments were specific for lef-4, they have been digested by NruI, PvuII, or XhoI. Only the fragment with the expected size (between 344 and 396 bp) was cut by those enzymes (data not shown). This fragment has been isolated and cloned. Figure 2E shows the nucleotide sequence of the corresponding clone. The poly(A) chain is observed. The last nucleotide homologous to the genomic sequence is located in a series of five As following an ATAT sequence located at ϩ96 after the stop codon (between nt 78,087 and 78,092). Conventional mammalian polyadenylation signals contain two elements, the AAUAAA motif 20±30 nucleotides upstream and a diffuse GU-rich sequence FIG. 1. AcMNPV ORF 90 region, from nucleotides 76,001 to 78, 100 (Ayres et al., 1994) . Partial translations of the ORF 90 (lef-4) and the neighboring ORFs 89 (vp39) and 91 are included. The sequences of oligonucleotides and peptides used are indicated in bold and boxed, respectively. GATA, cap site CTCATT, the poly(A) site, and late AATAAG motifs are indicated in bold, whereas the sequences related to the CACGTG motif (Kogan et al., 1995) are underlined and the repeated sequences described by Carstens et al. (1994) double underlined. The transcriptional start sites for lef-4 and vp-39 RNA(s) are indicated by a broken arrow ( ) and the end of the lef-4 RNA is indicated by an asterisk (*).
immediately downstream of the 3Ј end of the mRNA (Proudfoot, 1991) . In lef-4, the polyadenylation site appears to be rather unconventional. An AACAAA motif is located 33 nt upstream of the determined 3Ј end and the sequence immediately downstream is not particularly rich in poly(GU) or poly(U) stretches, but presents some GU and UU (Fig. 1) . The significance of this difference is not clear.
Taken together, the data from primer extension and 3Ј end mapping predict a transcript of 1458 bp (excluding the poly(A) tail). This result is consistent with the size determined by Northern blot for the major transcript from the lef-4 gene (Fig. 2C) .
Immunodetection of lef-4 in infected cells
The gene product of lef-4 is predicted to be an acidic polypeptide (pI 4.91) of 464 amino acids, with a molecular mass of 53,913 Da (Passarelli and Miller, 1993b) . Antibodies were prepared by immunization of rabbits with two LEF-4 peptides coupled to a KLH carrier. Of the two peptides used, only the one corresponding to residues 181 to 194 induced a specific response. Using this serum, Western blot analysis of extracts from AcMNPV C6-infected Sf-21 cells revealed a specific polypeptide of an apparent size of 55 kDa. This size is in agreement with the predicted size of the putative lef-4 gene product, suggesting that no major posttranscriptional modifications occur. The protein was detected from 5 to 48 h pi, with a maximum accumulation at 12 h pi and a decrease in the last time tested, in agreement with mRNA concentration at those times (Fig. 3) . A protein of an apparent mass of 50 kDa cross-reacts with anti LEF-4 serum at all times tested as well as in mock-infected extracts. It appears as a faint band under LEF-4 on the blots. The band of about 40 kDa probably corresponds to a LEF-4 breakdown since it is detected only after 12 h pi (Fig.  3) . As previously suggested (Carstens et al., 1994) , the level of expression of lef-4 is not high. This is due to a low level of transcription induced by the promoter of the lef-4 gene. A comparable low transcriptional activity was detected in the GATA-dependent, TATA-independent gp64 promoter, suggesting that TATA-independent promoters drive transcription at basal levels.
Factors involved specifically in very late promoter expression are not necessarily required for virus survival.
From this point of view, lef-4 may be either involved indirectly in late gene expression or involved in two different processes. Late expression factors can act directly or indirectly on the expression of late genes. Ie-1, p143, p35, lef-1, lef-2, and lef-3 have been show to act indirectly, by means of the virus DNA replication (Lu and Miller, 1995) , whereas other lefs, including lef-4 through 11, p47, and pp31 have been shown to act directly at the transcriptional level or on mRNA stabilization (Lu and Miller, 1995a; Todd et al., 1995) .
To get an insight into the lef-4 product mode of action, the localization of the protein in the cell was carried out by indirect immunofluorescence, electron microscopy using a gold labeled secondary antibody, and biochemical fractionation.
AcMNPV C6-infected or mock-infected cells were subjected to biochemical fractionation and Western blot analysis at different times postinfection. As shown in Fig.  4 , LEF-4 is present in both the nucleus and the cytoplasm of infected cells at 12, 18, and 36 h pi. However, the quantities of LEF-4 in the nucleus appear to be higher (Ͼ75%), suggesting that role of LEF-4 takes place into the nucleus of the infected cells. The significance of this double localization is unclear.
Confocal microscopy observations confirmed that LEF-4 is present in both the cytoplasm and the nucleus   FIG. 3 . Western blot analysis of lef-4 product in AcMNPV C6-infected Sf-21 cells from 1 to 48 h pi. LEF-4 protein was identified using the polyclonal antiserum and detected with a chemiluminescent substrate. The corresponding times postinfection are indicated above the lanes (Mi, mock infected) . The 5Ј, 6Ј, and 8Ј lanes represent an overexposition of times 5, 6, and 8 h pi. Size standards are indicated on the left and immunoreactive proteins are indicated by arrows .   FIG. 4 . Biochemical fractionation of LEF-4 antigen. Total (T), nuclear (N), and cytoplasmic (C) proteins were extracted from AcMNPV-C6-infected Sf-21 cells at 12, 18, and 36 h pi and from mock-infected cells (Mi). The proteins were subjected to Western blot as in Fig. 3 . (Fig. 5) . Nuclear staining is concentrated in a reduced central area (Figs. 5B±5E) . A peripheral area in contact with the inner nucleus membrane remains unstained. This central area seems to match the virogenic stroma. A control for cytoplasmic localization was obtained by the use of ␤-Gal (Fig. 5F ).
More detailed information came from immunogold labeling on ultrathin sections of AcMNPV C6-infected cells at 15 h pi. The gold particles localized preferentially in the nucleus and were concentrated in the central viral stroma region, but were not associated with electron dense structures. This result confirms the preferential location of LEF-4 in this compartment (Fig. 6) .
The nuclear localization of LEF-4 and its expression during most of the viral cycle are consistent with the observed role of activation of late and very late gene expression. The size of the protein does not match the sizes obtained in the biochemical fractionation of the virus polymerase (Beniya et al., 1996) , suggesting that LEF-4 is not an essential component of it. The availability of a specific antibody should help in the analysis of the function of this protein in the virus cycle.
MATERIAL AND METHODS
Plasmid constructs
The lef-4 N-terminal coding region (nt 1 to 286) was PCR-amplified from pATHindIII-C plasmid which contains the HindIII-C restriction fragment of AcMNPV clone C6. lef-4 start and lef-4 rev [positions 76,596 to 76,716 and 76,859 to 76,881, respectively (Ayres et al., 1994) ] were used as forward and reverse primers (Fig. 1) . The amplified fragment was digested by BglII and PvuII and cloned into the plasmid pSP70 (Promega) at the corresponding sites. This plasmid was named pSPlef-4-96N, indicating that it includes the sequence encoding the 96 N-terminal amino acids.
The plasmid pSPlef-4 bearing the complete lef-4 coding sequences was obtained by inserting the AccI fragment from pATHindIII-C into the AccI site of pSPlef-4-96N. pGEMlef-4 was obtained by cloning the BglII±PvuII fragment from pSPlef-4 into the pGEM3Z vector (Promega). This plasmid was used to generate strand-specific RNA probes.
For each construction, the absence of mutations, correct insertion, and frame were checked by sequencing using standard methods and/or restriction enzyme analysis.
Cells and viruses
AcMNPV clone C6 (Possee, 1986) and its derivative BacPAK6 (Kitts and Possee, 1993) were propagated on IPBL-Sf-21 cells (Vaughn et al., 1977) as described elsewhere (King and Possee, 1992) . AcMNPV DNA replication was inhibited by treating the infected cells with aphidicolin (5 g/ml, Sigma) 1 h pi. For inhibition of protein synthesis, cycloheximide (100 g/ml, Sigma) was added to the cells 30 min before infection.
mRNA isolation, RT±PCR, and Northern blot analysis
Poly(A)-tailed RNA was isolated from mock-infected and AcMNPV C6-infected cells using a mRNA isolation kit (Boehringer Mannheim). The mRNA concentration in each sample was estimated by its absorbance at 260 nm. RT±PCR was performed using the TITAN RT±PCR System (Boehringer Mannheim) employing 100 ng of purified mRNA as template, with primers lef-4 RT1 and lef-4 stop (Figs. 1 and 2A) according to the manufacturer's instructions.
For Northern analysis 2 g of mRNA was electrophoresed on an 1.2% agarose gel in the presence of glyoxal (Ausubel et al., 1994) and blotted onto a Hybond N ϩ membrane (Amersham). The Northern blot was hybridized with AcMNPV lef-4 messenger-specific riboprobe obtained using T7 polymerase with [␣- 32 P]CTP (50 Ci) on a HindIII-digested pGEMlef-4. Fragment sizes were determined by staining the molecular weight marker (Boehringer RNA marker II) with methylene blue after transfer onto the membrane.
Total RNA isolation and primer extension analysis
Total RNA was isolated as described by Ausubel and co-workers (1994) from 2 ϫ 10 7 AcMNPV C6-infected (multiplicity of infection (m.o.i.) of 20 plaque-forming unit (PFU) per cell) and mock-infected cells at different times postinfection. Briefly, cells were directly lysed in situ with GIT buffer (4 M guanidium isothiocyanate; 20 mM sodium acetate, pH 5.2; 0.1 mM dithiotreitol; 0.5% N-lauroylsarcosine), the lysate was layered onto a cushion of 5.7 M CsCl and centrifuged for 18 h in a Beckman TI-50 rotor at 35,000 rpm and 20°C. The pellet was resuspended into 5 mM EDTA, 0.5% N-lauroylsarcosine, 5% ␤-mercaptoethanol at 4°C. An acid phenol/chloroform extraction was then conducted followed by alcohol precipitation in the presence of 0.5 vol of 7.5 M ammonium acetate. RNA was resuspended in DEPC-treated water and quantified by absorbance at 260 nm. For primer extension, 40 g of total RNA was annealed at 55°C to the 30-base primer lef-4 PE3 (Fig. 1) labeled with [␥-32 P]ATP. This primer is complementary to the lef-4 mRNA between ϩ85 and ϩ115 relative to the translation initiation site (Fig. 1) . Extension was performed with AMV RT polymerase at 42°C for 1 h as described in the manufacturer's protocol (Promega). Half of the sample (20 g) was loaded on the gel. To accurately measure the size and to locate the start of transcription, pATHind III-C DNA was sequenced using the same primer. Extension products and DNA sequencing reactions were analyzed on a 8% polyacryamide gel.
Determination of the messenger 3Ј end
One hundred nanograms of mRNA extracted at 8 h pi was hybridized with the primer oligo(dT)±XhoI [(N) 4 -CTCGAG(T) 20 ] at 45°C. First-strand cDNA synthesis was performed using AMV reverse transcriptase at 45°C for 60 min. The resulting mixture was used for PCR amplification by adding a second primer (lef-4 RT1) according to TITAN RT±PCR System instructions.
The product obtained was subjected to a second amplification with the same primers for 35 cycles. To determine the lef-4-specific amplified fragment, digestions with NruI (77,968), PvuI (78,077), and XhoI (located on the primer used) were performed. The fragment of Ϸ360 bp was gel purified, cloned into pEMBL 19, and sequenced with universal and reverse primers.
Production of antibodies
Two peptides with sequences corresponding to residues 181 to 194 and 368 to 380 of AcMNPV lef-4 gene product were coupled with KLH carrier and used for the immunization of rabbits.
Six injections with 0.5 mg of the protein were applied to each rabbit. For the first injection, complete Freund's adjuvant (vol/vol) was added, while for the others, incomplete adjuvant was used. The rabbits were boosted on days 21, 42, 63, 64, and 65. Ten days after the last injection (day 75), the rabbits were bled by cardiac puncture.
Western blot analysis
Monolayers of Sf-21 cells were mock-or AcMNPV C6-infected at a m.o.i. of 20. Cells were harvested at different times, pelleted, washed twice with PBS, and lysed in dissociation mixture (Laemmli, 1970) . Protein samples were then separated by SDS±PAGE and transferred onto PDVF membranes. The membranes were allowed to react in TBS-T buffer (20 mM Tris±Cl, 150 mM NaCl, 0.5% Tween 20, pH 7.6) with preimmune or LEF-4 antiserum diluted 1:1000 for 1 h at room temperature (RT). After washing in TBS-T (three times for 15 min), the membranes were incubated for 1 h at RT with alkaline phosphatase-conjugated goat anti-rabbit immunoglobulin diluted 1:3000 in TBS-T. Blots were finally washed five times with a large volume of TBS-T. The signal was detected using the ECL technology as described by the manufacturer (Amersham). To determine the intracellular localization of proteins, biochemical fractionation was performed as described by Jarvis and co-workers (1991) .
Immunofluorescence and immunogold electron microscopy
Sf-21 cells were mock-infected or infected with AcM-NPV C6 and BacPAK6 at a m.o.i. of 10 PFU/cell. At different times postinfection, cells were washed twice with IF-PBS buffer (Diagnostics Pasteur-Sanofi) and fixed with methanol at Ϫ20°C for 20 min. Cells were then air-dried and rehydrated by two washes with IF-PBS. Polyclonal rabbit anti-LEF-4 and mouse anti-␤-Gal, diluted 1:100 in IF-PBS buffer, were used as primary antibodies. After incubation for 1 h at RT, cells were washed five times with IF-PBS containing 0.1% Tween 20 and incubated for 1 h with fluorescein-conjugated goat antirabbit or anti-mouse IgG (Diagnostics Pasteur-Sanofi). Cells were again washed five times with IF-PBS±Tween 20, dehydrated with serial treatment in 70, 95, and 100% ethanol, mounted, and observed using a confocal microscope (Leica).
For immunogold analysis cells were fixed for 1 h at 4°C by treatment with 4% paraformaldehyde±0.5% glutaraldehyde in PBS buffer followed by three washes in PBS. The samples were dehydrated at room temperature by one treatment with 50% ethanol, followed by four in 70% ethanol, and then infiltrated overnight at RT with LR White in 70% ethanol (2 vol/1 vol). After three changes of pure LR White (1 h each), the cells were included into gelatin capsules and polymerized at 60°C for 24 h in the absence of O 2 . The sections were picked up on carboncoated nitrocellulose-filmed grids. The sections were incubated successively in: NH 4 Cl 50 mM for 10 min, 1% BSA in PBS buffer for 10 min, three times in PBS for 10 min, primary antibody (anti LEF-4) at a dilution of 1/50 in PBS±Tween 0.05% (vol/vol) for 2 h at RT, four washes in PBS±Tween 0.05%, goat anti-rabbit IgG coupled to 10-nm-diameter gold particles for 45 min at a dilution of 1/50 in PBS±Tween 0.05%, again four washes in PBS±Tween 0.05%, and finally distilled water. Sections were then stained with uranyl acetate for 3 min in the dark just before viewing.
